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Preisach modelAbstract The hysteretic behavior and nonlinearity of the equivalent material coefficient of macro
fiber composites (MFC) under staircase input conditions are investigated using the Preisach model.
Based on a database of first order reversal curves, formulas are derived to predict the hysteresis of
strain output and nonlinearity of the equivalent piezoelectric coefficient of MFCs. Formulae are
verified by comparing the predicted strains with the measured strains of three MFC specimens,
which are driven by a random sequence of staircase voltage inputs. The coefficients obtained by
the formulae and experimentation coincide. Further results indicate that the equivalent piezoelectric
strain coefficient depends greatly on the value of drive voltage across the entire input range, and the
coefficient is asymmetric across the negative and positive input ranges. Deflection testing of an
MFC composite cantilever demonstrates the importance of taking the nonlinearity of the equivalent
piezoelectric coefficient into consideration in the application of actuation.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and






Piezoelectric material has been widely used in many fields
because of its high rigidity, large bandwidth and actuation









39surfaces and its brittle nature limit its application in more
fields. These shortcomings prompted researchers to develop
the macro fiber composite (MFC). The MFC is composed of
a sheet of piezoceramic fiber, an epoxy matrix and interdigi-
tated electrodes. The epoxy matrix makes MFCs flexible and
helps to overcome the brittle shortcomings of the monolithic
piezoceramic. At the same time, interdigitated electrodes allow
MFCs to operate with the d33 piezoelectric coefficient, which
has a higher actuation capability than the traditional d31 mode.
When an MFC is used as an actuator, the drive voltage often
changes across the whole range of available voltages to gener-
ate a high displacement output. The nonlinear characteristics
of piezoceramics are not negligible in this case. In addition,
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26 October 2016nonlinear characteristics of MFCs more significant than ordi-
nary piezoelectric materials.
Many researchers have studied various aspects of the non-
linear characteristics of MFCs, which include nonlinear stress-
strain behavior,1 time-dependent response with thermal-
electrical-mechanical coupling effects,2–4 nonlinear electrome-
chanical fields,5 nonlinear thermal expansion,6 and influence
of matric viscoelasticity.7 In addition to these attributes,
MFCs also show hysteretic behavior when used as an actuator.
The output of a composite beam using MFCs depends not
only on the present value of the input (voltage) but also the
evolution of past inputs.8 Hysteresis directly affects the actuat-
ing precision of smart structures using MFCs. The ferroelectric
hysteresis of piezo fiber composites has been studied, and a
constitutive model was also built by using the homogenized
energy framework in a series of research in Refs. 9–13 Wil-
liams14 and Chen et al.15 studied the hysteretic behavior of
MFCs driven by harmonic voltage. An operator-based model
applying Prandtl-Ishlinskii’s theory is used to capture the hys-
teresis and creep behavior of the MFC by Schro¨ck et al.8 In
most of the above research, the harmonic voltage has been
used to drive the MFC. However, staircase voltage is more
common in positioning applications.16 Due to the rate-
dependence of hysteresis, the efficiency of the above method
under staircase-voltage has yet to be validated. An available
approach for modeling the hysteretic behavior of MFCs in
positioning applications and driven by voltage with discontin-
uous change is necessary.
When the drive voltage goes through a large range in an
actuation, it is difficult to accurately predict the output from
an MFC using one constant dij. Nonlinear actuation perfor-
mance of MFCs under a variety of mechanical load levels,
DC bias fields and frequencies was investigated experimentally
by Willams et al.17 and Lin et al.18 For shear mode of MFCs,
an enthalpy-based homogenization method was used to char-
acterize the coefficients d15.
19,20 However, data about the non-
linearity of actuation capability are still limited. Because the
previous research was highly reliant on the experimentation
to characterize coefficients, a large number of repeated exper-
iments are usually needed for different conditions. This causes
nonlinear MFC data to remain limited. Therefore, a more con-
venient way to investigate the nonlinearity of MFCs is inher-
ently important, and comprehensive study on the nonlinear
relationship between free strain and drive voltage is also
needed.
The research presented in this paper focuses mainly on hys-
teresis and nonlinearity of the equivalent material coefficient
dequ33 of MFCs under staircase input conditions. These two non-
linear properties significantly influence precision in MFC use
as an actuator. The paper is organized as follows: First, the
hysteretic behavior of MFCs under staircase-driving voltage
is investigated based on the Preisach model, and the analytical
results are verified experimentally (Section 2). The characteri-
zation of the equivalent piezoelectric coefficient dequ33 of MFCs
based on the Preisach model is also presented (Section 3). A
series of measurements of strain output in across the entire
range of input voltages is performed to verify the results. In
addition, the actuation of an MFC composite cantilever has
been implemented to demonstrate the importance of taking
nonlinearity of the piezoelectric coefficient of MFCs into con-
sideration in the application of actuation (Section 4).Please cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.0022. Research on hysteresis of MFCs under staircase driving
voltage
2.1. Preisach model and its application to MFCs
Many active materials like magnetostrictive and electrostric-
tive materials, shape memory alloys, as well as piezoelectric
materials show intrinsic hysteretic behavior. The Preisach
model is a widely accepted model of hysteresis for such active
materials. In this paper, the Preisach model is also applied in
the research of hysteresis and nonlinear effects of MFCs, in
particular for staircase inputs.
The classic Preisach model21 has the following mathemati-
cal expression for a hysteresis system with voltage input uðtÞ





where Preisach hysteresis operator cabðuðtÞÞ takes the value of
1 or 1 depending on the history of input uðtÞ, described by a
and b. lða; bÞ is the weighting function that, in general, must
be determined through experimental data. Compared to the
classic Preisach model, the output range of an MFC is asym-
metric about the zero-output. So, a bias strain d should be
added to adjust the model for an MFC as expressed in Eq.





lða; bÞcabðuðnÞÞdadbþ d ð2Þ
The bias strain d can be obtained by
d ¼ 1
2
ðeUmax þ eðUmax;UminÞÞ ð3Þ
where eUmax and eðUmax ;UminÞ are defined through the first order
reversal curve of the MFC. Regarding a staircase input, the
process below should be followed: First, make the input volt-
age jump from negative saturation to Umax and measure
induced strain output, noted by eUmax ; then, make the voltage
jump back to Umin and measure the strain output, noted by
eðUmax ;UminÞ. From these same principles, in the following text,
the notations ea and ea;b are used to represent the output strains
defined through the first order reversal curve of MFCs and
obtained by following the process described above.
Instead of proceeding with a purely mathematical descrip-
tion of the Preisach model, it is more straightforward to under-
stand it with a geometric interpretation, as shown in Fig. 1.
From Eq. (2), the input values a and b are restricted to
a b half-plane by virtue of the inequality restriction on the
double integral. The region of the integral in Eq. (2) is a trian-
gle T in the a b half-plane, limited by the line a ¼ b and the
boundary lines a ¼ Umax and b ¼ Umin (see Fig. 1(b)). It is
assumed that cabðuðtÞÞ ¼ 0 if the point ða; bÞ is outside of the
integral region T.
According to the Preisach hysteresis operator cabðuðtÞÞ, the
integral region T can be divided into two parts, SþðnÞ and
SðnÞ (see Fig. 1(b)), such that the Eq. (2) can be written as





























Fig. 1 Geometric interpretation of integral region in a b plane.
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lða; bÞcabðuðtÞÞdadbþ d ð4Þ
In the triangle T, SþðnÞ is the region where the hysteresis
operator cabðuðtÞÞ has the value of 1 and SðnÞ is the region
where the hysteresis operator has the value of 1. After substi-
tuting the values of cabðuðtÞÞ into Eq. (4) and considering














lða; bÞdadbþ d ð5Þ
Furthermore, the area of SþðnÞ can be sectioned into m
trapezoids (or m  1 trapezoids and a triangle) as shown in
Fig. 2.
As a result of Fig. 2, and a corresponding staircase-input,
Eq. (5) can be rewritten as follows:Fig. 2 Sectioned inte









lða; bÞdadbþ d ð6Þ
Next, the expressions of the integral on a triangle and on a
trapezoid in Eq. (6) by using ea and eða;bÞ will be derived. Notat-
ing the triangle area Qm as Dðam; bm1Þ, as it is limited by the
lines a ¼ b, a ¼ am and b ¼ bm1 (see Fig. 2(a)), there is the
expression
Qm ¼ Dðam; bm1Þ
¼ Dðam;UminÞ  ðDðam;UminÞ  Dðam; bm1ÞÞ ð7Þ










According to the definition of ea and eða;bÞ, the integral
region Sþ of eam is just a triangle and that of eðam;bm1Þ is a trape-
zoid. In addition, the latter can be represented by the differ-gral region SþðnÞ.

























































Fig. 3 Geometric interpretation of data points to be collected in
experiment.
Fig. 4 Measurement system for actuate strain of an MFC.
Fig. 5 Three types of MFC specimens.
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there is the following relationship between the strains eam ,


















Making the subtraction of eam and eðam ;bm1Þ given in Eq. (9),
and substituting the result into Eq. (8), the integral of the tri-






lða; bÞdadb ¼ 1
2
ðeam  eðam ;bm1ÞÞ ð10Þ
The integral of the trapezoid area Qk in Eq. (6) can be cal-
culated by subtraction of two integrals in respective triangle
regions Dðak; bk1Þ and Dðak; bkÞ. Applying Eq. (10), the inte-












ðeak  eðak ;bk1ÞÞ 
1
2
ðeak  eðak ;bkÞÞ
¼ 1
2
ðeðak ;bkÞ  eðak ;bk1ÞÞ ð11Þ
Substituting Eqs. (10) and (11) into Eq. (6) as well as
expressing the integral of region T in Eq. (6) by Eq. (10), the




ðeðak ;bkÞ  eðak ;bk1ÞÞ þ ðeam  eðam ;bm1ÞÞ
þ eðUmax ;UminÞ for uðnÞ
> uðn 1Þ ð12Þ




ðeðak ;bkÞ  eðak ;bk1ÞÞ þ eðUmax ;UminÞ for uðnÞ
< uðn 1Þ ð13Þ
corresponding to the case where the final input decreases.
The significance of Eqs. (12) and (13) resides in the fact that
they express the hysteretic output of an MFC under staircase
input by a series of data eak and eðak ;bkÞ, which can be deter-
mined through the first order reversal curves of the MFC.
2.2. Establishment of database of eða;bÞ for the hysteresis model
of MFCs
A series of measurements has been performed in order to build
a database of eða;bÞ for a hysteresis model of MFCs. As
described before, eða;bÞ is the output strain related to the first
order reversal curve defined by a pair of data ðb; aÞ; thus, thePlease cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.002reversal curve should be obtained by increasing the input from
the negative saturation voltage to a and then decreasing it to b.
In geometry, ðb; aÞ is just a point in the a b plane. In Fig. 3,
the points corresponding to all eða;bÞ in the database to be
established are displayed in the a b plane.
The measurement system is shown in Fig. 4. The power sys-
tem offering drive voltage to MFCs consists of a GWinstek-
GPC-3030d DC power supply, an IWATSU SG-4105 function
generator and an AMD2012-CE3 high voltage amplifier. The
acquisition system of strains consists of a DH3816N strain
indicator, a PC and BX120-6AA strain gauges. Three kinds
of specimens were measured: two MFC patches and one com-
posite of an MFC patch with two 0.3 mm thick aluminum
sheets adhering to the active areas on both sides of MFC
patch, as shown in Fig. 5. The types of MFC patches are M-
8507-P1 and M-2814-P1.
The results of measurements are illustrated in Fig. 6 and
correspond to the 3 specimens respectively. Each input is initi-
ated by negative saturation voltage, and then jumps to a drive






































































Fig. 6 Strain output data of specimens corresponding to
staircase voltage input.
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strains eða;bÞ are recorded; they form the database for the hys-
teresis model of MFCs.
From Fig. 6, the induced strain of MFCs depends on the
input history. It can be seen that the same input voltage corre-
sponding to strain-output differs significantly based on
sequence. With these obtained strain data and Eqs. (12) and
(13), the strain of MFCs induced by arbitrary input sequences
can be predicted.
2.3. Experimental verification
To validate the prediction of strain output under staircase-
driving voltage, a random sequence of staircase inputs has
been designed instead of using a monotonic sequence. With
these inputs, the predicted strain-outputs of three MFC speci-
mens by Eqs. (12) and (13) are compared with the measured
outputs. The results are shown in Fig. 7 (a spline interpolation
is used to approximate the data points that are not contained
in the pre-established database). In these figures, the strain
outputs predicted with the linear formula neglecting the effect324
Please cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.002of hysteresis (eðnÞ ¼ uðnÞðeUmax  eUminÞ=ðUmax UminÞ) are also
given.
As shown in the figures, the hysteretic strain model of
MFCs can well predict the induced strain of an MFC driven
by staircase voltage. Such input voltage is commonly used in
the case of a discontinuous change of state, such as actuation
in positioning. The results of composite specimens show that
this method is also available for composites based on MFCs.
3. The nonlinearity of equivalent piezoelectric-strain-coefﬁcient
dequ33 for actuation
3.1. Derivation of dequ33 through Preisach model
In general, slope of the linear regression of a hysteresis loop
measured through stable strain-field represents the equivalent
piezoelectric strain parameters dij corresponding to the given
test condition, i.e. mechanical load levels, DC bias fields and
frequencies.22 The equivalent-piezoelectric-strain coefficient
dequ33 ðv1; v2Þ of MFC corresponding to the driving voltage range
of v1 to v2 is defined as the following expression:
dequ33 ðv1; v2Þ ¼ f  Ded3ðv1; v2Þ=ðv2  v1Þ ð14Þ
in which f represents the width between adjacent electrodes in
the direction 3. Ded3ðv1; v2Þ is the peak-to-peak value of the
strain-output hysteresis loop measured in direction 3, corre-
sponding to the input changing between v1 and v2. In general,
multiple tests are needed for the coefficient corresponding to
one voltage range in order to achieve peak to peak value; the
same process needs to be repeated for different ranges. Instead
of obtaining Ded3ðv1; v2Þ by repeating the test, the Preisach
model is applied again to derive an expression capable of pre-
dicting Ded3ðv1; v2Þ; this is based on the database characterizing
the hysteresis of MFC and established in Section 2.
From Eq. (5), the difference of two arbitrary strain outputs
corresponding to n= i and n= j can be written as follows:











The expression means that, based on the Preisach Model,
the change of the strain output induced by a change of input
can be represented by the change of the integral region Sþ of
Preisach’s integral (Eqs. (4) and (5)), which is SþðiÞ  SþðjÞ.
When the input voltage repeatedly changes in the range of
v1 to v2, the evolution of the integral region S
þ of Preisach’s
integral is given in Appendix A. From the geometric interpre-
tation of the evolution, it can be concluded that the stable
change of the Sþ area is a triangle region Dðv2; v1Þ as shown
in Fig. 8. From the conclusion and combining Eq. (15),
Ded3ðv1; v2Þ, the change of strain output corresponding to the
input changing repeatedly between v1 and v2, can be written as
Ded3ðv1; v2Þ ¼ 2
ZZ
SþðiÞSþðjÞ




where n ¼ i and n ¼ j correspond to two states of input when















Fig. 7 Comparison of induced strain for three specimens obtained by prediction and experimentation.
Fig. 8 Stable change of Sþ area when input voltage changes
between v1 and v2.
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Please cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.002In addition, from Eq. (10), Preisach’s integral on the trian-
gle region Dðv2; v1Þ can be expressed as follows:




Combining Eqs. (16) and (17), and introducing the result
into Eq. (14), the dequ33 ðv1; v2Þ corresponding to the voltage
range between v1 and v2 can be expressed by the following
equation:
dequ33 ðv1; v2Þ ¼ f  ðev2  eðv2 ;v1ÞÞ=ðv2  v1Þ ð18Þ
With Eq. (18), dequ33 ðv1; v2Þ corresponding to an arbitrary
voltage range between v1 and v2 is expressed by using the data
in the database characterizing the hysteresis of the MFC and

















































Fig. 9 dequ33 ð0; v2Þ of three specimens obtained by prediction and
experimentation.
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The dequ33 ðv1; v2Þ determined through Eq. (18) is validated by the
following experiment: Ded3ð0; v2Þ is obtained by changing the
input voltage between 0 and v2 repeatedly and then measuring
the stable change of the strain output. Measurements are per-
formed for three specimens, and comparisons of dequ33 ðv1; v2Þ
389
Fig. 10 Comparison of predicted and m
Please cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.002determined by direct measurement and prediction are shown
in Fig. 9 for each of the three.
From Eq. (18), dequ33 ðv1; v2Þ is discontinuous when v2 ¼ v1.
For the measurement, v1 is set to zero, so a great amount of
error results when v2 approaches zero. The error comes not
only from the discontinuity but also the enlargement in error
of Ded3ðv1; v2Þ induced by 1=ðv2  v1Þ in the formula. This
means that the measurement is no longer valid when v2
approaches to zero. Herein, we are concerned only with the
input range of (jv2jP 100 V). This is the reason why there is
always a discontinuous region in Fig. 9.
As shown in Fig. 9(a) and (b), except for the low voltage
region, the equivalent coefficient dequ33 ð0; v2Þ based on Eq. (18)
and direct measurement data have only slight differences in
curves. The variation seen in the low voltage range may be
explained by a weak actuation capability of the MFC speci-
mens at that range. It is worth noting that the dequ33 ð0; v2Þ of
MFCs is not symmetric about zero voltage; that is, it does
not have the same behavior in the negative voltage range as
in the positive range. The equivalent coefficient dequ33 ð0; v2Þ of
a composite of aluminum and MFC, as shown in Fig. 9(c), dis-
plays a similar nonlinearity behavior as that of single MFC
specimen. Consequently, the influence of mechanical factors
on nonlinearity of dequ33 can be neglected in the combination
MFC structure. The above analysis reveals that the equivalent
piezoelectric coefficient of MFCs is highly dependent on the
applied voltage. For positioning applications, attention has
to be paid to this nonlinear property of an MFC when it is
used as an actuator.
4. Impact of MFC nonlinearity on application
An active unimorph composite cantilever actuated by an MFC
is designed and experimented with. The cantilever consists of a
M-8507-P1 MFC patch and a substrate of E-Glass epoxy with
thickness of hs ¼ 0:3 mm and elastic modulus Es ¼ 44 GPa.
The predicted deflection output at the free end of the compos-
ite cantilever, actuated by the MFC under an input range
between v1 and v2, is compared with the measured deflection
output. The prediction applied the Euler-Bernoulli beam the-
ory to active composites23 and used the equivalent
piezoelectric-coefficient dequ33 ðv1; v2Þ based on Eq. (18). The
deflection output wðv1 ;v2ÞðxÞ of the unimorph composite can-
tilever actuated by an MFC corresponding to the input range
of ðv1; v2Þ has the following expression:easured deflection of an MFC beam.
t piezoelectric coeﬃcient of MFCs for actuation, Chin J Aeronaut (2016), http://











2 3 4 5













1 2 4 5

















1 2 3 4 5









Fig. A3 Evolution of SþðnÞ region corresponding to n= 3.
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Fig. A6 Stable change of SþðnÞ area of integral region corresponding to input between v1 and v2.
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1
2
6ðha þ hsÞðv2  v1Þdequ33 ðv1; v2Þ
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the thickness and elastic modulus of the MFC respectively. A
laser sensor is used to perform the measurements. A compar-
ison of predicted and measured deflection outputs at the free
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manual is also given.
In Fig. 10, the difference is significant between the directly
measured curve and the predicted curve based on the constant
coefficient of the MFC given in the manual. The predicted
deflection that considers the nonlinearity of dequ33 agrees well
with the experimental results. These comparisons confirm the
importance of nonlinear relationships between applied voltage
range and dequ33 , as well as the effectiveness of Eq. (18) for pre-
diction of the nonlinear relationship.
In addition, a random sequence of staircase inputs is
applied to the active composite cantilever to simulate position-
ing application. Positioning is achieved by action of the free
end of the MFC composite cantilever. Unlike the previous
application, each position of the target is determined by a par-
ticular input voltage instead of an input range. Therefore, the
influence of hysteresis for MFCs should be considered. To pre-
dict the deflection output of the MFC beam actuated by a cer-
tain voltage uðnÞ, the ðv2  v1Þdequ33 ðv1; v2Þ=f in Eq. (19) is
replaced by the strain output eðnÞ corresponding to an input
voltage uðnÞ and calculated by Eqs. (12) and (13). The compar-
ison between the predicted deflection output of the free end of
the MFC beam and that measured directly is shown in Fig. 11.
A prediction based on a constant value of dequ33 as taken from
the MFC manual is also given.
From Fig. 11(a), for every jump of input voltage there is a
corresponding ‘discontinuity’ of output. The phenomenon is
caused by the inertia of the beam subjected to the jump in exci-
tation voltage. The local zoom is given in Fig. 11(b). Normally
it is attenuated quickly as shown in Fig. 11(a). The comparison
in Fig. 11(a) shows that, in positioning application, the hys-
teresis and the nonlinearity of the MFC might cause a consid-
erable error in predicted position, and the predictions from
Eqs. (12) and (13) agree well with the experimental results.
This indicates that the proposed method can effectively
increase the accuracy of predicted actuation for MFC compos-
ite beams.
5. Conclusions
This work investigates two important nonlinear features of the
MFC related to its use as an actuator: hysteresis and voltage
dependence of equivalent piezoelectric coefficient dequ33 .
(1) A hysteresis model for MFCs under staircase inputs
(Eqs. (12) and (13)) is derived based on the Preisach
model. The database of eða;bÞ and ea for the hysteresis
model is established through the first order reversal
curves of the MFC. An experiment on three specimens
shows that this method can well predict the hysteretic
strain output of MFCs under random staircase inputs.
(2) The model is also used to facilitate study on the voltage
dependence of equivalent piezoelectric coefficient dequ33 of
MFCs. The expression of dequ33 ðv1; v2Þ (Eq. (18)) is derived
based on the established database. The results obtained
by the expression agree well with the experiment, which
indicates a strong voltage dependence of dequ33 and an
asymmetric property of the coefficient about zero
voltage.Please cite this article in press as: Xue Z et al. Hysteresis and the nonlinear equivalen
dx.doi.org/10.1016/j.cja.2016.07.002(3) An experiment on deflection of an MFC composite can-
tilever shows significant effects from the voltage-
dependent nonlinearity of dequ33 ðv1; v2Þ and hysteresis on
actuation. Accurate actuation can be achieved by apply-
ing the proposed approach while considering these two
factors.
Appendix A
Evolution of integral region SþðnÞ for Preisach’s integral with
changes of input between v1 and v2 (see Fig. A1–A6).
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